Cyclin M1 (CNNM1) functions as a copper storage protein in neuronal cells. We report that Cnnm1 is expressed in mouse testis and brain and has a coding sequence of 1761 bp that encodes a 586 amino acid protein with a molecular weight of 66 kDa. Cnnm1 is expressed in the testes of mice from neonatal to adult stages with relatively higher levels in neonates. CNNM1 expression appeared to be restricted to c-KIT-and OCT3/4-positive cells in the testis, indicating that they are early spermatogonial cells. Spermatogonial stem cells in primary culture expressed Cnnm1, and their differentiation into embryoid body-like clusters in vitro resulted in the loss of Cnnm1 expression. Silencing of Cnnm1 in GC1-spg cells resulted in a significant reduction in the number of cells in G1 phase with concomitant increase in the numbers of cells in both S and G2/M phases. Further, retinoic acid downregulated the expression of Cnnm1 in GC1-spg cells. We conclude that CNNM1 is associated with stemness and self-renewal, and its downregulation triggers differentiation in spermatogonial cells in mouse.
INTRODUCTION
High-resolution mapping and mutation analysis of candidate genes associated with urofacial syndrome, a rare inheritable disorder affecting facial muscles and urinary tract functions, led to the identification of a family of four genes that encode ancient conserved domain proteins (ACDP) [1] [2] [3] [4] [5] . ACDP1-ACDP4 are located at 10q24.2, 10q24.32, 2p12-p11.2, and 2q11, respectively. The mouse homologues of ACDP have been cloned [6] . The presence of a conserved cyclin-box-like motif and the predicted helical architecture (typical of cyclins) of these proteins led to the renaming of these proteins as cyclin M 1-4 (CNNM1-CNNM4) [4] . CNNM1 is expressed mainly in the testis and brain, while the other variants are expressed ubiquitously in both embryonic and adult tissues [6] .
CNNM proteins show very strong homology with the bacterial CorC and yeast Mam3p proteins, which are involved in magnesium and cobalt efflux and in resistance to manganese toxicity, respectively [6] [7] [8] [9] . CNNM1 appears to act as a cytosolic copper chaperone [10] . CNNM2 is shown to reside at the plasma membrane [9 11 ]. CNNM2 and CNNM4 were also reported to have ion transport functions [7, 9, [12] [13] [14] . Point mutations in CNNM4 gene cause Jalili syndrome that is characterized by recessive amylogenesis imperfecta with conerod dystrophy [15, 16] . Mutations in the CNNM2 gene cause mental retardation and seizures in patients with hypomagnesia [17] .
In a previous short communication, we reported that we could not amplify the full length Cnnm1 from mouse testis using reverse primers designed from the 3 0 -untranslated region (3 0 -UTR) and several forward primers from the 5 0 -UTR or the proximal region of the first exon of mouse brain Cnnm1 sequence (NM_031396.2) available in the GenBank [18] . In this study, we report that the longest amplifiable variant of Cnnm1 from mouse testis and brain is shorter than the sequence available in the GenBank. CNNM1 showed heavy localization in c-KIT-and OCT3/4-positive germ cells, which are spermatogonial stem cells (SSCs) or early spermatogonial cells. Primary cultures of mouse SSCs expressed Cnnm1, while their differentiation into embryoid body (EB)-like clusters in vitro resulted in the loss of Cnnm1 expression. We also show that retinoic acid (RA) downregulated the expression of Cnnm1 in GC1-spg cells. Further, silencing of Cnnm1 interfered with cell cycle in GC1-spg cells in culture. These results are suggestive of a possible association of CNNM1 with stemness and self-renewal of SSCs, and cell cycle regulation in spermatogonial cells.
MATERIALS AND METHODS

Reagents
The following were used: puromycin, pET100 D, lipofectamine 2000, Topo TA cloning kit, OptiMEM, goat anti-rabbit immunoglobulin G (IgG)-conjugated with Alexa Fluor 488, goat anti-rat IgG-conjugated with Alexa Fluor 488, rabbit anti-goat IgG-conjugated with Alexa Fluor 568 (Invitrogen); pEGFP-N1 (Clonetech); pBRIT-CTAP HIS-FLAG (Addgene); trypsin-ethylenediaminetetraacetic acid (EDTA), Dulbecco modified Eagle medium (DMEM), fetal bovine serum (FBS), and GC1-spg cell line (ATCC); Taq DNA polymerase, XhoI, EcoRI, and T4 DNA ligase (New England Biolabs); deoxy nucleotide triphosphates (dNTPs), gel purification kit (GE Healthcare); Ready-To-Go T-Prime first strand synthesis kit (Amersham Biosciences); Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems); and FirstChoice RLM-RACE kit (Ambion Inc). Antibodies to CNNM1 (sc-68646), OCT 3/4 (sc-365509), and c-KIT (sc-19619) were purchased from Santa Cruz Biotechnology. Paraffin wax was purchased from Hi Media (Hi Media Laboratories India Pvt. Ltd.) and xylene from Fisher Scientific (Thermo Fisher Scientific India Pvt. Ltd.). Recombinant rat glial-derived neurotrophic factor (GDNF) (R&D Systems), leukemia inhibitory factor (LIF), RA, DAPI (4 0 ,6-diamidino-2-phenylindole dihydrochloride), and all other chemicals were procured from Sigma-Aldrich.
Animals
Healthy male mice (Mus musculus, Swiss strain) bred in the institute's animal facility were housed at 278C 6 18C and humidity-controlled conditions under 14L:10D and provided with food and water ad libitum. 
PCR, Cloning, and Sequencing
Genomic DNA and total RNA were prepared from mouse testis using TRI reagent following the recommended protocol. The interphase obtained in the phenol-chloroform separation contained the genomic DNA, which was precipitated using 0.3 ml of 100% ethanol and centrifuged at 2000 3 g for 5 min at 48C. The genomic DNA pellet thus obtained was washed twice with 0.1 M trisodium citrate prepared in 10% ethanol. The pellet was resuspended in 75% ethanol and allowed to stand for 20 min at room temperature. This was centrifuged at 2000 3 g for 10 min; the DNA pellet obtained was dried under vacuum and was dissolved in 8 mM NaOH. The pH of the solution was adjusted to 8.4 using 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).
Twenty micrograms of total RNA prepared using Trizol reagent was reverse transcribed into cDNA at 378C for 90 min using the Ready-To-Go T-Prime first-strand synthesis kit following the protocol recommended by the manufacturer. Primers were designed using Primer3 software (http://fokker. wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and synthesized by SigmaAldrich (Table 1) . One microgram of the genomic DNA or cDNA was used as template for PCR, and the cycles involved an initial denaturing step of 2 min at 958C followed by 35 cycles of 958C at 30 sec, 658C for 45 sec, 728C for 135 sec, and a final extension at 728C for 10 min in an ABI Gene-AMP PCR system 9700 (AB Applied Biosystems). The amplified products were analyzed by agarose gel electrophoresis, isolated from the gel and dye-terminated using Big Dye Terminator v3.1 Cycle Sequencing Kit and sequenced on Applied Biosystem 3730 48-capillary automated DNA sequencer (Applied Biosystems). The sequences were analyzed by National Center for Biotechnology Information (NCBI) nucleotide-nucleotide BLAST (http://www.ncbi.nlm.nih. gov/BLAST/).
Western Blot Analysis
Brain, heart, lungs, liver, stomach, small intestine, colon, spleen, kidney, skeletal muscle, and testes were dissected out, minced properly in PBS, centrifuged for 2800 3 g for 10 min at 378C, and the supernatant was discarded. The pellet was suspended in lysis buffer (187 mM Tris-HCl, pH 6.8, 2% SDS, 0.05% 3-[ [3-cholamidopropyl] dimethylammonio]-1-propanesulfonate, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1 mM ethylene glycol-bis [2-aminoethylether] -N,N,N 0 ,N 0 -tetraacetic acid, and 1 mM sodium orthovanadate) and was disrupted by sonication (15 MHz, three pulses of 30 sec each) (Branson Sonifier). The lysed sample was centrifuged at 9000 3 g for 10 min at 48C. The pellet was removed, and the supernatant was taken as the protein extract. These proteins were subjected to SDS-PAGE as described by Laemmli [19] on a 12% acrylamide gel. The gels were electrotransferred to polyvinylidene difluoride membranes according to the method of Towbin. Nonspecific binding sites on the membrane were blocked with 5% skimmed milk in PBS-T (20 mM Tris HCl, pH 7.4, 150 mM NaCl, and 0.1% Tween 20) for 2 h. The membranes were incubated with anti-CNNM1 antibody for 2 h at a dilution of 1:1000 in PBS-T containing 1% skimmed milk. After washing, the membranes were incubated for 1 h with GAR-horseradish peroxidase antibody at a dilution of 1:2000 in PBS-T containing 1% skimmed milk. After washing, the peroxidase activity was detected by developing the blots in 0.05% diaminobenzidine and 0.1% hydrogen peroxide, and the color was enhanced with 0.04% nickel chloride in PBS-T until the desired contrast is obtained. The reaction was stopped by rinsing the membranes with water. Densitometric scanning of the bands was performed using the GelDoc image analyzer system and the Quantity One software system (Bio-Rad Laboratories). b-Actin served as the loading control for which goat polyclonal anti-b actin (1:500 in PBS-T) was used as the primary antibody and peroxidase conjugated anti-goat IgG (1:1000 in PBS-T) as the secondary antibody.
Immunofluorescence Localization of CNNM1 in GC1-spg Cells GC1-spg cells were grown on sterile coverslips in a 12-well plate in DMEM supplemented with 10% FBS at 378C in 5% CO 2 in air for 24 h. The cells were fixed with 4% paraformaldehyde in PBS, permeabilized in 0.1% Triton X-100 for 10 min, and blocked for 30 min in 1% BSA. The cells were incubated with either the CNNM1 antiserum or pre-immune serum (1:200) overnight at 48C, and then washed and probed with GAR-fluorescein isothiocyanate for 1 h. Nuclei were counterstained with Hoechst (1:2000) for 5 min. The coverslips were washed in PBS, dried, and mounted on glass slides using DPX mountant. The cells were imaged on a Leica TCS-SP2 confocal microscope equipped with an AOBS system (Leica Microsystems).
Immunohistochemical Localization
Testes from mice of various age groups (Days 8, 16, and 24 and 3 mo) were excised, fixed overnight in 4% paraformaldehyde at 48C, dehydrated in ascending series of ethanol (70%, 90%, and 100%), and placed in xylene until they became transparent. The testes were transferred to xylene:paraffin (1:1) mixture, embedded in wax, and sectioned (5 lm thick) on a RMT 30 Senior Microtome (Radical Scientific Instruments). The sections were placed on Mayer albumin-coated glass slides. The sections were deparaffinized in xylene, rehydrated in descending series of ethanol (100%, 90%, and 70%) and rinsed in PBS-T. The slides were microwaved for 10 sec in sodium citrate buffer (pH 6.0), cooled to room temperature gradually, and rinsed in PBS. The sections were incubated first with 1% BSA followed by overnight incubation with anti-CNNM1 primary antibody at a dilution of 1:200. The sections were rinsed properly to remove the unbound primary antibody and treated with Alexa Fluor 488 goat IgG (heavy plus light chains) secondary antibody (1:500) for 1 h. For colocalization studies, the sections were incubated with CNNM1 for 2 h followed by incubation with OCT3/4 or c-KIT antibodies for 2 h, washed in PBS, and incubated with Alexa Fluor 488/568-conjugated goat/rabbit/rat IgG (heavy plus light chains) secondary antibody (1:500). The sections were counterstained for 7 min in DAPI (0.50 lg/ml), washed in PBS, and imaged on Nikon A1R Confocal Microscope using NIS Elements AR 4.00.04 software (Nikon Instruments).
Extraction of Cytosolic and Nuclear Protein Fractions from GC1-spg Cells
GC1-spg cells were harvested and washed three times with ice-cold sterile PBS. The cell pellet was resuspended in hypertonic buffer A (10 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 , and 0.5 M dithiothreitol) in the presence of protease inhibitor cocktail. Cells were then pelleted at 112 3 g for 5 min, and the pellet obtained was lysed in ice-cold buffer A containing 0.5% NP-40 on ice for 10 min. The nuclei were then pelleted at 1008 3 g for 2 min at 48C, and the supernatant containing the cytoplasmic fraction was separated and stored at À208C. The nuclear pellet were washed with buffer A without NP-40 and was resuspended in buffer C (20 mM HEPES, 420 mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl 2 , 0.5 M dithiothreitol, and 25% glycerol) containing protease inhibitor cocktail. Nuclei were incubated on ice for 40 min and vortexed periodically. The supernatant containing the nuclear protein was collected by centrifugation at 23 548 3 g for 10 min at 48C and stored at À208C.
Cell Cycle Analysis
The Cnnm1 gene was PCR amplified with 1646F and 2859R primers that were modified to include restriction sites for EcoRI and XhoI, respectively. The PCR product was double digested and was subcloned into pBRIT-CTAP HIS-FLAG vector linearized by double digestion with EcoRI and XhoI enzyme pair [20] . Antisense constructs were also prepared by cloning amplified Cnnm1 antisense strands with the primers 5 0 -GAA TTC TCA TGT GAT CAG GGG CGT TAA and 5 0 -CTC GAG ATG GGC ATT GTG ACT CTG GAG between the same restriction sites of the vector as mentioned above. GC1-spg cells were grown on 10-cm dishes until they reached 90% confluence and were transfected with empty vector (pBRIT-CTAP), sense Cnnm1 construct (pBRIT-CTAPCnnm1-S), and antisense Cnnm1 construct (pBRIT-CTAP-Cnnm1-AS) using lipofectamine 2000. After 24 h, the cells were subjected to drug selection with 2 lg/ml puromycin, and drug-resistant cell lines were established. For confocal microscopy, the cells were grown in glass-bottom culture dishes and transfection was performed as detailed above. At 24 h posttransfection, the cells were fixed with 4% paraformaldehyde in PBS. After washing with PBS, nuclei were counterstained using Hoechst (0.1 lg/ml) for 10 min, washed three times with PBS, dried, and mounted onto glass slides using DPX mountant. Images were taken on a Leica TCS-SP2 confocal microscope equipped with an AOBS system (Leica Microsystems).
For cell cycle analysis, cells were removed from the plates using 0.25% trypsin-0.02% EDTA at 378C for 5 min, harvested by centrifugation, and the cell pellet was resuspended in 1 ml of ice-cold PBS. Cells were then fixed with 70% ethanol for overnight at 48C followed by three washes with PBS at 1000 3 g for 10 min each. The final pellet was resuspended in PBS, treated with 1 mg/ ml RNase at 378C for 1 h, and stained with 50 lg/ml propidium iodide for 15 min. The DNA content of 20 000 cells was analyzed using BD FACS Aria flow cytometer (Becton Dickinson) with Diva software.
Retinoic Acid Treatment of GC1-spg Cell Line and RNA Extraction
Mouse-derived spermatogonia cell line, GC1-spg, maintained in DMEM supplemented with 1% Penn-strep and 10% FBS at 378C in 5% CO 2 in air, was seeded in RA dishes supplemented with 10 À7 M 9-trans RA (in ethanol). Similarly, cells were grown supplemented with 0.05% ethanol as a solventtreated control, and a control dish was maintained without any treatment. They were maintained with these additives continuously for 2 wk. Total RNA was prepared from RA-treated, ethanol-treated, and untreated cell lines using TRI reagent, and cDNA was synthesized using Superscript VILO cDNA synthesis kit (Invitrogen) following the protocols recommended by the manufacturers.
Germ Cell Differentiation and RNA Extraction
Primary cultures of germ cells were established from three immature (7 days old) Swiss albino mice testes [21, 22] . The single cell suspension of testicular cells prepared was resuspended in Shinohara medium with FBS (SFM) in a gelatin-coated 12-well plate at a cell density of 2 3 10 5 cells/ml and incubated for 16-24 h at 378C in a humidified incubator with 5% CO 2 . The somatic cells of the testes attached to the gelatin plate, and the floating germ cells were then transferred onto a new 12-well plate after centrifugation at 270 3 g for 5 min at room temperature. The germ cells were replenished with fresh SFM every 3 days. The germ cells formed clusters from Day 2, and they grew to smaller SSC colonies by Day 7. Compact SSC colonies were observed in cultures derived from testicular cells of both immature and adult mice on Day 9 after seeding. The SSC colonies were harvested using a micropipette and were placed into fresh SFM in new 12-well plates and maintained successfully for 2 mo.
EB formation was induced in the SSC colonies by withdrawing the growth factors LIF and GDNF from the SFM. EBs were maintained in SFM devoid of growth factors for 2-3 wk. Total RNA was prepared from SSC colonies/EBs harvested using TRI reagent, and 20 lg of total RNA was reverse transcribed at 378C for 90 min using Ready-To-Go T-Prime first-strand synthesis kit that utilizes the Moloney murine leukemia virus (M-MuLV) reverse transcriptase and an oligo (dT) 18 primer to generate the first-strand cDNA. The prepared cDNA were stored at À208C till further use.
Statistical Analysis
All the experiments were repeated three times, and the mean 6 SD was computed and plotted as histograms wherever applicable. Normalized band intensities from Western blot experiments on GC1-spg cells and cell cycle analysis data were subjected to one-tailed t-test. Flow cytometric data were subjected to ANOVA using Microsoft Excel package. A P value of 0.05 or below was considered as significant.
RESULTS
Expression of Cnnm1 in Mouse Testes
RT-PCR analysis was carried out to study the expression of Cnnm1 in mouse testis using primers designed from Cnnm1 sequence (NM_031396.2) available in GenBank as the reference sequence (Fig. 1A) . We used three forward primers (78F, 550F, and 1021F) and three reverse primers (1048R, 1717R, and 2859R). All three reverse primers produced amplicons of the expected sizes when used with 1021F. However, primers upstream to 1021F such as 78F and 550F failed to produce any amplification when in combination with 1048R, 1717R, or 2859R. Similar results were obtained in PCR amplifications performed using mouse brain cDNAs as a positive control (Fig. 1B) . Further, both 78F and 550F, in combination with 1048R, yielded amplicons when mouse genomic DNA were used as templates (Fig. 1C) . The product of the PCR using 550F and 1048R was confirmed to match with the respective regions of the target sequence (NM_031396.2) by direct sequencing (Supplemental Fig. S1 , A and B; Supplemental Data are available online at www. biolreprod.org). Because none of the forward primers upstream to 1021F at the 5 0 end produced amplicons in combination with 2859R when mouse testicular cDNA was used as the template, the longest cDNA of Cnnm1 that could be amplified and [24] , CBS domains are small intracellular modules that pair together to form a stable globular domain (http://pfam.xfam.org/family/CBS) [25] . In addition, several other functional domains were detected posterior to the CBS domain, which included SecA_PP_bind, Plus3, Semialdhyde_dh, cNMP_binding, GGL, THEG, and DM3. The domain architecture of the conceptual translation of Cnnm1 identified in mouse testis (DQ885890.5) lacks only the DUF21 domain (Supplemental Fig. S3B ). The relative positions of these domains and their domain annotations are listed in Table 2 .
RT-PCR analysis to evaluate the expression of Cnnm1 in multiple tissues of mouse that included brain, heart, lungs, liver, stomach, small intestine, colon, spleen, kidney, skeletal muscle, and testis indicated strong expression in brain and testis with very weak levels of expression in stomach, kidney, and skeletal muscle (Fig. 1D) . Corresponding levels of Actb provided the loading controls.
Western blot analysis of the expression of CNNM1 in mouse brain, heart, lungs, liver, stomach, small intestine, colon, spleen, kidney, skeletal muscle, and testis detected the strongest expression of CNNM1 at 66 kDa in brain and testis lysates. Weak expression of CNNM1 was observed in heart, lungs, liver, stomach, small intestine, colon, spleen, kidney, and skeletal muscle (Fig. 1E) . While this observation matched our RT-PCR data on the length of the Cnnm1 gene, the absence of a band at 104 kDa on Western blots further supports the argument that the length of Cnnm1 transcript is shorter than what is assembled in the submission Accession No. NM_031396.2.
Cnnm1 Expression in Different Age Group Mice Testes
The expression profile of Cnnm1 during postnatal mouse testis development was studied by screening testicular cDNAs Cnnm1 AND SPERMATOGONIAL STEM CELL DIFFERENTIATION of different age group mice (from 1 to 12 wk old) by RT-PCR using primer pair 1021F and 2859R. Expression of Cnnm1 was detected in all age groups with a relatively higher level of expression in the 8-day testis when compared with the later stages ( Fig. 2A) . Western blot also detected CNNM1 in the testis of mice of all the age groups studied (Fig. 2B ).
CNNM1 Is Localized in Early Spermatogonial Cells in Mouse Testis
Immunohistochemical localization of CNNM1 in the testes during the onset of the first wave of spermatogenesis was studied using Days 8, 16, and 24 postpartum mice. The spermatogonia scattered in the seminiferous tubules in Day 8 testis were positive for CNNM1 (Fig. 3, A-C) . In Day 16 testis, a rather organized layer of cells immediately beneath the seminiferous tubular wall stained very strongly for CNNM1 (Fig. 3, D-F) . Several inner layers of differentiated germ cells appeared in Day 24 testis, with the early spermatogonial cells placed immediately beneath the seminiferous tubular wall retaining strong expression of CNNM1 (Fig. 3, G-I) . The corresponding images in the blue channel (Fig. 3, B , E, and H) show DAPI staining, and the merged images (Fig. 3, C, F , and I) are also presented.
To further evaluate the differentiation-dependent expression of CNNM1 in the germ cells of testis, we performed immunocytochemical analysis of CNNM1 expression in adult mouse testis and its colocalization with SSC-specific markers. We detected the presence of a distinct layer of c-KIT-positive cells toward the periphery of the seminiferous tubules (Fig. 4,  A and D) . These cells were positive for CNNM1 (Fig. 4, B and E). The merged images (Fig. 4, C and F) clearly showed a perfect colocalization of both c-KIT and CNNM1. Further, the cells that were positive for OCT3/4 (Fig. 4 , G and J) were positive for CNNM1 as well (Fig. 4, H and K) . The corresponding merged images are also presented (Fig. 4, C,   FIG. 1 . A) Schematic representation of mouse brain Cnnm1 (Accession No. NM_031396), with 11 exons indicating the positions of primers used for amplifying Cnnm1. B) RT-PCR analysis of Cnnm1 from cDNA prepared from mouse testis and brain (positive control) using forward primers 78F, 550F, and 1021F from the first exon, internal reverse primers 1048R and 1717R in the first and second exon, respectively, and 2859R in the last exon. A band of 1839 bp was visualized in PCR using 1021F and 2859R primers. Actb control in testicular and brain cDNA samples are also shown with a DNA ladder. C) PCR amplification of Cnnm1 from genomic DNA using forward primers 78F and 550F in combination with the reverse primer 1048R in the first exon showing amplifications at 971 and 499 bp, respectively. D) RT-PCR analysis showing very strong expression of Cnnm1 in brain and testis; very weak amplification in stomach, kidney, and small intestine; and no detectable signals in other tissues tested. E) On Western blots, very strong expression of CNNM1 was detected in brain and testis with very weak expression in heart, lungs, liver, small intestine, colon, and spleen. F, I, and L). A reduction in the expression of stem cell markers as well as CNNM1 was observed in germ cells located toward the luminal side of the seminiferous tubule, demonstrating a parallel between germline stemness and CNNM1 expression.
CNNM1 Is Localized in the Cytoplasm and Nucleus with Prominent Peri-nuclear Localization in GC1-spg Cells
GC1-spg cells exhibited prominent localization pattern of expression of CNNM1 in cytoplasm, with a noticeable enrichment around the nucleus in a peri-nuclear density (Fig.  5A-F) as revealed by confocal microscopy. Pre-immune serum, used as a negative control, did not show any detectable fluorescence (Fig. 5G-I) , indicating the specificity of the primary antibody used. Western blot analysis carried out using cytoplasmic and nuclear extracts detected CNNM1 both in the cytoplasm and nucleus of GC1-spg cells. GAPDH and Histone H3 served as the endogenous control for the cytoplasmic and nuclear fractions, respectively (Fig. 5J) .
Silencing of Cnnm1 Influenced Cell Cycle in GC1-spg Cells
Because GC1-spg cells are resistant to the selectable marker G418 of pEGFP vectors, we generated a partial construct of mouse Cnnm1 by cloning a 1214 bp fragment amplified using 1646F and 2859R into pBRIT-CTAP HIS-FLAG vector that used puromycin as the selectable marker for establishing stable cell lines. This fragment covered amino acids 183-586 and contained all the putative functional domains of CNNM1 excluding CBS (Supplemental Fig. S3, C) . The same fragment was cloned in the reverse direction to generate the antisense construct of Cnnm1. The sense construct in pBRIT-CTAP HIS-FLAG was sequenced across the cloning sites to confirm that the insert is in frame (Supplemental Fig. S4 ). Three stable cell lines were generated that contained empty vector (control), sense construct (sense), and antisense construct (antisense) (Fig. 6) . CNNM1 was localized in the cytoplasm with an accumulation around the nucleus in empty vector-transfected control cells, which did not overlay with Hoechst-stained nucleus (Fig. 6A, control) . The cells transfected with the sense construct showed a very clear overexpression of CNNM1 and its accumulation in the cytoplasm with a detectable localization in the nucleus as well (Fig. 6, sense) . The antisense construct brought about a very significant reduction in the expression of CNNM1 (Fig. 6, antisense) . On Western blots, CTAP-HIS-FLAG-CNNM1 fusion protein appeared at around 65 kDa due to the addition of 17 kDa of the tag with the 49 kDa protein of the CNNM1 construct. Western blot analysis indicated a significant increase (P , 0.01) in the levels of CNNM1 in our overexpression system, while silencing brought about a very significant reduction in the levels of this protein (Fig. 6B) . A histogram showing the band intensities of CNNM1 from three replicates normalized to the respective beta actin levels is also presented (Fig. 6C) .
Flow cytometric analysis detected no considerable variation in the relative proportions of cells in various stages of the cell cycle in GC1-spg cells upon overexpression of CNNM1 when compared with the empty vector control. However, downregulation of CNNM1 resulted in significant alteration in the cell cycle profile by decreasing the G1:S ratio from 6.52 to 3.96 and increasing the S:G2 ratio from 0.67 to 0.82 (Fig. 7) .
SSCs Express Cnnm1
SSCs formed typical grapelike colonies in primary cultures of immature mice testicular cells (Fig. 8A) . RT-PCR analysis indicated that these cells were positive for the expression of Cnnm1 and SSC markers (Gfra1, Zfp42, and Oct3/4) while negative for differentiation markers for endoderm (Afp), mesoderm (Des), and ectoderm (Nes) (Fig. 8B) . These SSCs generated compact EB-like structures following the withdrawal of LIF and GDNF from the culture medium (Fig. 8C) . These EB-like bodies derived from SSCs were negative for both Cnnm1 and SSC markers (Gfra1, Zfp42, and Oct3/4) and were positive for all three germ layer markers (Afp, Des, and Nes) employed in this study (Fig. 8D ).
Cnnm1 Expression in GC1-spg Cells and Its Downregulation by RA
RT-PCR analysis showed that mouse GC1-spg cells expressed Cnnm1 (Fig. 8E) . Exposure of GC1-spg cells to 10 À7 M 9-trans RA, an inducer for germ cell differentiation, resulted in a significant reduction in the levels of expression of Cnnm1 when compared with the untreated GC1-spg cells and solvent-treated control. To confirm that these cells responded to RA treatment, we examined the expression of Stra8, a previously reported RA-responsive gene, in the RA treated and untreated control. As represented in Figure 8E , Stra8 was upregulated in the RA-treated cells.
DISCUSSION
In the present study, we report that Cnnm1 expressed in mouse brain and testis has an open reading frame of 1761 bp as against 2856 bp reported in the GenBank. This encodes a protein of 586 amino acids with a predicted molecular mass of 66.47 kDa and isoelectric point of 5.41 [6] . There are four known variants of Cnnm1 previously reported, which include Cnnm1 (NM_031396.2) with 5056 bp encoding a CDS of 2856 bp, Cnnm1-203 (ENSMUST 00000167527) with 4817 bp gene
FIG. 2. A) RT-PCR analysis of
Cnnm1 expression in the testis of mice of various age groups (1-4, 6, and 12 wk), amplified using 1021F and 2859R primers. Actb was used as the internal control. L is the 1 kb DNA ladder, and M is molecular weight marker. B) Western blot analysis showed the expression of CNNM1 expression in the testes of mice of all the age groups (1-4, 6, and 12 wk) used in this study. ACTB was used as the loading control.
Cnnm1 AND SPERMATOGONIAL STEM CELL DIFFERENTIATION that encodes for 2643 bp CDS, Acdp1 (AF202994) with 2818 bp encoding a 1761 bp CDS region, and MF1Acdp1 (EF041508.1) with 1830 bp that codes for 1824 bp CDS region [10] . These variants contain 11, 13, 11, and 12 exons, respectively, and the differences are seen at the 5 0 end. The Cnnm1-203 variant differs from the Cnnm1 variant by lacking 213 bp in two stretches of 150 and 63 bp each at the 5 0 end. Acdp1 and MF1Acdp1 variants differ from the Cnnm1 variant in lacking 1095 bp CDS region at the 5 0 end, but the latter contains one additional exon of 63 bp. In our PCR, we used the longest isoform of Cnnm1 (NM_031396.2) with 5056 bp encoding a CDS of 2856 bp as a reference sequence to design the primers 78F, 550F, 1021F, and 1048R located on the first exon, 1717R located on the second exon, and 2859R located on the last exon spanning the stop codon. Both the forward primers 78F and 550F upstream to 1021F failed to produce any amplification when used in combination with internal reverse primers 1048R and 1717R. When mouse genomic DNA was used as the template, both 78F and 550F produced amplicons when used in combination with 1048R. So, the negative result obtained in reactions in which cDNA was used as template cannot be due to primer failure. However, 1021F produced an amplicon in combination with 2859R, hinting at the absence of the longest isoform of Cnnm1 (NM_031396.2) in the testis and brain. The amplification obtained using 1021F and 2859R primers upon sequencing yielded homology to the Acdp1 variant of Cnnm1 (AF202994). Western blot analysis of CNNM1 in the brain and testis detected CNNM1 at 66 kDa position with weaker expression in other tissues. Taken together, these two observations lead us to conclude that the longest variant of Cnnm1 in mouse brain and testis has a 1761 bp CDS that codes for a protein with 586 amino acids. This would mean that CNNM1 in mouse testis will be lacking 365 amino acids at the N-terminus of the conceptual translation of the longest isoform (NM_031396.2) reported in the GenBank. Thus, CNNM1 lacked the DUF21 domain (Supplemental Fig.  S2 ) but had an intact CBS domain and the other domains posterior to it. This appears to explain why we did not observe any plasma membrane association of CNNM1 in GC1-spg cells or in testis sections.
RT-PCR and Western blot analysis indicated that CNNM1 expression is predominant in brain and testis (Fig. 1, D and E) and that its expression in the testis is detectable from neonates to adults (Fig. 2, A and B) . Immunofluorescence studies showed the presence of CNNM1 protein in cytoplasm and nucleus of GC1-spg cells, with a distinct accumulation around the nucleus as a ring (Fig. 5, A and D) . Western blot analysis further substantiated the presence of CNNM1 both in the cytoplasm and in the nucleus of GC1-spg cells (Fig. 5J) . Immunohistochemical localization of CNNM1 in the mouse testis during the first wave of spermatogenesis revealed that the cells that expressed CNNM1 were also positive for c-KIT and OCT3/4 and were located toward the basal lamina, which would be predominantly SSCs and/or A-type spermatogonial cells (Figs. 3 and 4) . It is not surprising that c-Kit showed strong nuclear localization because two variants of Kit (145 and 50 kDa) have been reported and the 145 kDa variant, which is a marker of spermatogonia, was initially localized in the nucleus [26] . Nuclear localization of c-Kit is noted in some instances of neoplasia as well [27, 28] . It is noteworthy that CNNM1 localization was predominantly cytosolic in GC1-spg cells, while it was predominantly nuclear in spermatogonial cells in testis sections. We speculate that the signaling and/or nuclear export mechanism operating in spermatogonial cells located in the testis would be absent when GC1-spg cells are grown in culture, which might be the reason behind the relatively lower levels of this protein in the nuclei of GC1-spg cells.
RT-PCR and Western blot analysis indicated that Cnnm1 is expressed in mouse testes of different age groups, ranging from neonates to adult, with a relatively higher expression noted in firstweek testes (Fig. 2) . This is quite likely because the neonatal testis consists mostly of undifferentiated type A spermatogonial population in the SSC niche. SSCs are a subpopulation of type A spermatogonia in the mammalian testis [29] that mainly consists of subtypes A-single (A S ), A-paired (A pr ), and the A-aligned (A al ) [30, 31] with stem cell potential being established by the transplant assays [32, 33] . It occurs within 6 days postpartum by the transition of gonocytes [34] that are derived from primordial germ cells [35] with the first appearance of SSCs occurring approximately at 3-4 days postpartum [36] . The SSCs undergo several proliferative mitotic divisions and give rise to the type A Cnnm1 AND SPERMATOGONIAL STEM CELL DIFFERENTIATION spermatogonia [37] . SSCs constitute 0.03%, heavily outnumbered by the differentiating spermatogonia, spermatocytes, spermatids, and sperm in rodent testes that are the foundation of spermatogenesis and male fertility [38] .
Though overexpression of CNNM1 in GC1-spg cells brought about a significant increase in its levels in the cytoplasm and its localization in the nucleus (Fig. 6) , it had no influence on the cell cycle (Fig. 7) . However, antisense construct could knock down the levels of CNNM1 significantly (Fig. 6 ) and could also influence cell cycle progression significantly. Thus, GC1-spg cells bearing the antisense construct had a reduction in the number of cells entering G1 stage and an accumulation of cells both at S and G2/M stages (Fig. 7) .
We derived alkaline phosphatase-positive embryonic stemlike SSC colonies from germ cell cultures from immature mouse testis following standard protocols [21, 32, 33, [39] [40] [41] . These SSC colonies (Fig. 8A ), which were positive for germline stem cell markers that included Gfra1, Zfp42, and Oct3/4, were also positive for the expression of Cnnm1 (Fig. 8B ). SSCs have also been shown to differentiate into somatic cell lineages [42] [43] [44] . Adapting a protocol that was used to derive EBs from embryonic stem cells in culture [45] , we could generate SSC-derived EBlike structures following the withdrawal of LIF and GDNF from the cultures (Fig. 8C) . During this differentiation, the cells lost the expression of Cnnm1 along with the previously mentioned germline stem cell markers (Fig. 8D) , suggesting a possible role for CNNM1 in the maintenance of stemness and self-renewal. This observation is strikingly similar to previous reports that the expression levels of genes such as Nodal [46] and Bcl6b [47] implicated in self-renewal and stem cell maintenance decreased dramatically upon GDNF withdrawal in embryonic and spermatogonial culture, respectively. Bcl6b-null male mice displayed degeneration of germ cells and/or absence of active spermatogenesis in seminiferous tubules, indicating its biological relevance in spermatogenesis [47] .
We also report the downregulation of Cnnm1 in GC1-spg cells upon treatment with RA (Fig. 8E) , which suggests that Cnnm1 is one of the RA-responsive targets regulating RAinduced differentiation in testicular germ cells. Retinoic acid, an active metabolite of vitamin A, is known to have a role in driving spermatogonial differentiation and meiotic onset at discrete points that involve the differentiation of type B spermatogonia into spermatocyte [48] and completion of meiosis through Sertoli cell-mediated androgen signaling [49] . Stra8 (stimulated by retinoic acid 8), a previously reported RA-responsive gene [48] , was used as a positive control in the RA experiment.
CNNM1-GFP expressed ectopically in HeLa cells was localized in the nucleus [4] , which substantiated its possible involvement in cell cycle regulation. Immunolocalization of CNNM1 in hippocampus neurons from mouse embryos showed its localization on the plasma membrane [6] , and the possible role of CNNMs in ion transport was discussed. Subcellular localization studies of CNNM1 in three different cell types-N2A, Cos, and SMB-reported it as an integral membrane protein [10] .
Cell cycle analysis in GC1-spg cells pointed to the role of CNNM1 protein in the regulation of cell cycle. Overexpression of the protein did not show any significant change in the normal regulation because the cell itself expresses a sufficient amount of the protein. We observed an accumulation of CNNM1 in the cytoplasm and nuclei of GC1-spg cells transfected with the sense construct (Fig. 6 ). This pattern matched the localization of CNNM1 in spermatogonial cells in testis sections (Figs. 3 and  4) . The peri-nuclear density of CNNM1 observed in untransfected GC1-spg cells (Fig. 5) could also be seen in GC1-spg cells transfected with empty vector (Fig. 6 ) that was not clear in the spermatogonial cells in testis sections. It appeared that CNNM1 was imported efficiently into the nucleus in spermatogonial cells in the testicular microenvironment. The downregulation of CNNM1 using an antisense construct knocked down CNNM1 significantly and caused significant alterations in the cell cycle profile (Fig. 6) . The transition from G1 to S phase was enhanced 1.6 fold, while the transition from S to G2 diminished 0.8 fold in GC1-spg cells transfected with antisense construct, establishing a functional role for CNNM1 in cell cycle regulation in GC1-spg cells (Fig. 7) .
FIG. 5. Immunocytochemical analysis of CNNM1 (green)
showing cytoplasmic localization confined to the peri-nuclear region in GC1-spg cells with the nucleus counter stained with propidium iodide (red) (A-C). Enlarged (D-F). Pre-immune serum was used in control preparations (G-I). Original magnification 363. J) Western blot analysis using cytosolic and nuclear extracts that shows significant expression of CNNM1 in the cytosol and nucleus of GC1-spg cells. GAPDH and Histone H3 served as the endogenous control for the cytoplasmic and nuclear fractions, respectively.
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It was hypothesized that human CNNM1 may function in metal ion homeostasis like Saccharomyces cerevisiae MAM3p and Salmonella typhimurium CorC proteins [8] . MAM3p, a member of the CNNM family of proteins, functions at the site of the yeast vacuolar membrane by conferring strong resistance to manganese toxicity. Mutation in MAM3 also increased the tolerance of the cell to cobalt and zinc. CorC proteins from bacteria shares 35% amino acid homology with CNNM proteins and are involved in the influx and efflux of Mg 2þ and Co 2þ resistance [7] . Goytain and Quamme [12] showed that CNNM2 (ACDP2) mediated transport of divalent cations, including Mg 2þ , Co 2þ , Mn 2þ , Sr 2þ , Ba 2þ , Cu 2þ , and Fe 2þ . Cu 2þ binding of ACDP1 was also reported [10] . Physical interaction and functional coupling of CNNM4 (ACDP4) with a metal ion chaperone COX11 regulate metal ion homeostasis [50] . They also suggested that CNNM4 could affect sensory processes, B) Western blot analysis showing the levels of CNNM1 in GC1-spg cells transfected with pBRIT TAP-Cnnm1-Sense, pBRIT TAP-Cnnm1-Antisense, and vector control. The levels of CNNM1 was elevated significantly in the cells bearing sense construct, while those bearing the antisense construct showed very significantly reduced levels of expression of CNNM1 when compared with the empty pBRIT TAP (control). C) Bar diagram represents the mean 6 SD of the band intensities from three replicates of CNNM1 expression in GC1-spg cells transfected with control, sense, and antisense constructs. The data was analyzed using Student t-test; *P , 0.05 and **P , 0.001.
Cnnm1 AND SPERMATOGONIAL STEM CELL DIFFERENTIATION including nociception, through the regulation of metal ion homeostasis. Studies reported that mutation of CNNM genes leads to alteration in physiological processes. CNNM4 mutation causes Jalili syndrome, a combination of recessively inherited cone rod dystrophy and amylogenesis imperfecta, that may result from abnormal ion homeostasis [15, 16] . RT-PCR analysis indicated that SSCs isolated from immature mouse testis were positive for SSC markers (Gfra1, Zfp42, and Oct3/4) and Cnnm1 and negative for differentiation markers for endoderm (Afp), mesoderm (Des), and ectoderm (Nes). C) Embryoid body (EB)-like structures derived from SSCs of immature mice testicular cells 10 days after withdrawal of growth factors LIF and GDNF. D) RT-PCR analysis of EB-like clusters derived from SSCs showed that they were negative for SSC markers (Gfra1, Zfp42, and Oct3/4) and Cnnm1 and positive for EB markers (Afp, Des, and Nes). E) GC1-spg cells expressed Cnnm1, and its treatment with retinoic acid (RA) induced Stra8 and downregulated Cnnm1. A vehicle control (0.5% ethanol) also was included in the assay.
In conclusion, we report that mouse testis and brain expressed Cnnm1, which has 1761 bp CDS that codes for a protein with 586 amino acids and estimated molecular weight of 66 kDa. Our study seems to strongly suggest that CNNM1 is a regulator of germ cell division and differentiation in mouse testis, considering its cellular localization, expression pattern during germ cell differentiation, RA responsiveness, and influence on cell cycle regulation in GC1-spg cells.
